Nonlinear magnetic susceptibility and aging phenomena in reentrant ferromagnet: 
Cuq 2Coo.8Cl2-FeCl3 graphite bi-intercalation compound 
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Linear and nonlinear dynamic properties of a reentrant ferromagnet Cuo.2Coo.8Cl2-FeCl3 graphite 
bi-intercalation compound are studied using AC and DC magnetic susceptibility. This compound 
undergoes successive phase transitions at the transition temperatures Th (= 16 K), {= 9.7 K), 
and Trsg (= 3.5 K). The static and dynamic behaviors of the reentrant spin glass phase below 
Trsg are characterized by those of normal spin glass phase with critical exponent l3 = 0.57 ± 0.10, 
a dynamic critical exponent x — 8.5 ± 1.8, and an exponent p (= 1.55 ± 0.13) for the de Almeida 
-Thouless line. A prominent nonlinear susceptibility is observed between Trsg and Tc and around 
Th, suggesting a chaotic nature of the ferromagnetic phase {Trsg < T < Tc) and the helical spin 
ordered phase (Tc < T < Th). The aging phenomena are observed both in the RSG and FM 
phases, with the same qualitative features as in normal spin glasses. The aging of zero-field cooled 
magnetization indicates a drastic change of relaxation mechanism below and above Trsg- The time 
dependence of the absorption x" is described by a power law form (« ) in the ferromagnetic 



phase, where b" 
is observed. 



: 0.074 ± 0.016 at / = 0.05 Hz and T = 7 K. No cjt-scaling law for x" [~ i^-^t)' 



PACS numbers: 75.40.Gb, 75.50.Lk, 75.30.Kz, 75.70.Cn 
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I. INTRODUCTION 

The nature of a reentrant spin glass (RSG) 
phase and a ferromagnetic (FM) phase in reen- 
trant ferromagnets has been a topic of much 
controversy, ^I^i3i4i5i6,7,8,9,i0,ii,i2,i3,i4,i5 Spin frustra- 
tion effects occur as a result of a competition between 
ferromagnetic interactions as a majority and antiferro- 
magnetic interactions as a minority. As the temperature 
is lowered, the reentrant ferromagnet exhibits first a 
transition from a paramagnetic (PM) phase to a FM 
phase with decreasing temperature and then a second 
transition from the FM phase to a RSG phase. Such 
a reentry behavior of the reentrant ferromagnets has 
been extensively studied experimentally in the last 
two decades,ii^i3,4i5,6,7,8,9,io,ii,i2^i3,i4,i5 There are four 

types of reentrant ferromagnets: (i) metallic spin glasses 
such as Feo.7Alo.3,i'' (Feo.2oNio.8o)75Pi6B6Al3^ 
(Fei_,Mn,)75Pi6B6Al3 (0.2 < a: < 0.32)^ and 
N77Mn22'^ having Ruderman-Kittel-Kasuya-Yosida 
(RKKY)-type interactions between distant spins, 
(ii) insulating spin glasses such as CdCr2a;In2(i_a;)S4 
(0.90 < a; < i)^iiSilLi^ (iii) dilute magnetic semicon- 
ductors such as Eu^Sri_3:S (0.52 < a; < 0.60)fiii^ 
and (iv) colossal magnetoresistance materials such as 
Yo.7Cao.3Mn03ii^ In the case of (ii) and (iii), ferro- 
magnetic nearest neighbor interactions compete with 
antiferromagnetic next nearest neighbor interactions. 

The nature of the RSG and FM phases in reentrant 
ferromagnets is basically understood in terms of a mean- 
field picture. The phase diagram {T/J vs Jo/ J) of the 
Sherrington-Kirkpatrick (SK) model with Ising spins, 
consists of the PM phase, FM phase, and the spin glass 
(SG) phase, where an infinite-ranged Gaussian distribu- 
tion of exchange interactions with variance J and mean 



Jo is assumedj-i For Jo/J < 1, as T is lowered, the sys- 
tem undergoes a transition from the PM phase to the SG 
phase. For Jq/J > 1, as T is lowered, the system under- 
goes a PM-FM transition followed by a FM-SG transi- 
tion. This SG phase for Jo/J > 1 is called a RSG phase. 
However, the nature of the RSG phase is essentially the 
same as that of the normal SG phase for Jq/ J < 1 . When 
the Parisi's solution for the SK modeliSiiS is discovered, 
the vertical phase boundary at Jq/J = 1 is added to 
the SK phase diagram. For Jq/J > 1, consequently the 
whole RSG phase and a part of the FM phase in the SK 
model are newly replaced by a RSG phase with replica 
symmetry breaking (RSB). This RSG phase is very dif- 
ferent from the normal SG phase for Jo/J < 1. It is a 
mixed phase of the SG phase and the FM phase. 

In the mean-field picture, a true reentrance from the 
FM phase to the normal SG phase is not predicted. 
There is a normal FM long-range order in the FM 
phase. This picture, which assumes infinite-range in- 
teractions, is not always appropriate for real reentrant 
magnets where the short-range interactions are large 
and random in sign and the spin symmetry is rather 
Heisenberg-like than Ising-like. Neutron scattering stud- 
ies on (Fei_a;Mna;)75Pi6B6Al3& have questioned the ex- 
istence of a true long-range order even in the FM phase. 
Aeppli et ali^ have proposed a phenomenological random- 
field picture to explain their result. In this picture, the 
system in the FM phase consists of regions which would 
order ferromgnetically and other regions forming PM 
clusters. The frustrated spins in the PM clusters can 
generate random molecular fields, which act on the un- 
frustrated spins in the infinite FM network. In the FM 
phase well above T^sg, the fluctuations of the spins in 
the PM clusters are so rapid that the FM network is less 
influenced by them and their effect is only to reduce the 
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net FM moment. On decreasing the temperature toward 
TrsGi the thermal fluctuations of the spins in the PM 
clusters become slower. The coupling between the PM 
clusters and the FM network becomes important and the 
molecular field from the slow PM spins acts as a ran- 
dom magnetic field. This causes breakups of the FM 
network into finite-sized clusters. Below T^sg, the ferro- 
magnetism completely disappears, leading to a SG phase. 
This picture is very different from the mean-field picture. 
The RSG phase is not a mixed phase but a normal SG 
phase. 

Jonason et al.**'^ have shown from a dynamic scal- 
ing analysis of low-field dynamic susceptibility of 
(Feo.2oNio.8o)75Pi6B6Al3 that there is a spin-glass relax- 
ation time which diverges at a finite temperature with a 
dynamic critical exponent similar to that observed for an 
ordinary PM-SG transition. This suggests that the RSG 
phase is a normal SG phase. The FM phase just above 
Trsg shows a dynamic behavior characterized by an ag- 
ing effect and chaotic nature similar to that of SG phase. 
Dupuis et alii^ have shown that the aging behavior of the 
low frequency AC susceptibility is observed both in the 
FM phase and RSG phase of CdCr2a:In2(i_a;)S4 with x = 
0.90, 0.95, and 1.00, with the same qualitative features 
as in normal spin glasses. It seems that these results are 
explained in terms of the random-field picture. 

In this paper we report our experimental study on the 
magnetic properties of the RSG phase and the FM phase 
of a reentrant ferromagnet Cuo.2Coo.8Cl2-FeCl3 graphite 
bi- intercalation compound (GBIC). This compound un- 
dergoes three phase transitions at Th {— 16 K), Tc (= 9.7 
K), and Trsg (= 3.5 K). There are the helical spin or- 
dered phase between Th and Tc, the FM phase between Tc 
and Trsg, and the RSG phase below Tj^sg -^2*2^22*2^ The 
static and dynamic natures of the FM and RSG phases 
are examined from the linear and nonlinear AC magnetic 
susceptibility, the magnetizations in the zero-field cooled 
(ZFC), field-cooled (FC), isothermal remnant (IR), and 
thermoremnant (TR) states. The time dependence of the 
AC susceptibility and the ZFC magnetization, showing 
the aging phenomena, is also studied. 

Cuo.2Coo.8Cl2-FeCl3 GBIC has a unique layered struc- 
ture where the Cuo.2Coo.8Cl2 intercalate layer {— Ii) 
and FeCla intercalate layers (= I2) alternate with a 
single graphite layer (G), forming a stacking sequence 
{-G-h-G-h-G-h-G-h-G- ■ ■) along the c axis. In the 
Cuo.2Coo.8Cl2 intercalate layer two kinds of magnetic 
ions (Cu^+ and Co^"*") are randomly distributed on the 
triangular lattice. The spin order in the Cuo.2Coo.8Cl2 
layers is coupled with that in the FeCla intercalate layer 
{— I2) through an interplanar exchange interaction, lead- 
ing to the spin frustration effect. 



II. EXPERIMENTAL PROCEDURE 

A sample of stage-2 Cuo.2Coo.8Cl2 graphite interca- 
lation compound (GIG) as a starting material was pre- 



pared from single crystal kish graphite (SCKG) by vapor 
reaction of anhydrated Cuo.2Coo.8Cl2 in a chlorine at- 
mosphere with a gas pressure of « 740 TorriSSiSiiSSiS^ 
The reaction was continued at 500 °C for three weeks. 
The sample of Cuo.2Coo.8Cl2-FeCl3 GBIC was pre- 
pared by a sequential intercalation method: the in- 
tercalant FeCla was intercalated into empty graphite 
galleries of stage-2 Cuo.2Coo.8Cl2 GIC. A mixture of 
well-defined stage-2 Cuo.2Coo.8Cl2 GIC based on SCKG 
and single-crystal FeCl3 was sealed in vacuum inside 
Pyrex glass tubing, and was kept at 330 °C for two 
weeks. The stoichiometry of the sample is represented 
by Cm(Cuo.2Coo.8Cl2)i-x(FeCl3)2:. The concentration 
of C and Fe (m and x) was determined from weight 
uptake measurement and electron microprobe measure- 
ment [using a scanning electron microscope (Model Hi- 
tachi S-450)]: m = 7.54 ± 0.05 and x = 0.56 ± 0.02. 
The (OOL) x-ray diffraction measurements of stage-2 
Cun.2Coo.8Cl2 GIC and Cuo.2Coo.8Cl2-FeCl3 GBIC were 
made at 300 K by using a Huber double circle diffrac- 
tometer with a MoKa x-ray radiation source (1.5 kW). 
The c-axis repeat distance of stage-2 Cuo.2Coo.8Cl2 GIC 
and Cuo.2Coo.8Cl2-FeCl3 GBIC was determined as 12.81 
± 0.04 and 18.79 ± 0.05 A, respectively. 

The DC magnetization and AC susceptibility were 
measured using a SQUID magnetometer (Quantum De- 
sign, MPMS XL-5) with an ultra low-field capability op- 
tion. First a remnant magnetic field was reduced to 
zero field (exactly less than 3 mOe) at 298 K for both 
DC magnetization and AC susceptibility measurements. 
Then the sample was cooled from 298 to 1.9 K in a zero 
field, (i) Measurements of the zero field cooled suscep- 
tibility (xzfg) o,f^d the field cooled susceptibility (xfc)- 
After an external magnetic field H {0 < H < 5 kOe) was 
applied along the c plane (basal plane of graphene layer) 
at 1.9 K, XZFC was measured with increasing tempera- 
ture (r) from 1.9 to 20 K. After annealing of sample for 
10 minutes at 100 K in the presence of H, xfc was mea- 
sured with decreasing T from 20 to 1.9 K. (ii) AC suscep- 
tibility measurement. The frequency (/), magnetic field, 
and temperature dependence of the dispersion {&'i/h) 
and absorption {Q'l/h) was measured between 1.9 to 20 
K, where the frequency of the AC field is / = 0.01 - 1000 
Hz and the amplitude h is typically h = 1 mOe - 4.2 Oe. 



III. RESULT 

A. Nonlinear AC susceptibility: Q'x/h and &i/h 

We have measured the dispersion Q'l/h and absorption 
Q'l/h at fixed T as a function of /i, where 1 mOe < h < 
4.2 Oe and / = 1 Hz. Both Q\/h and Q'i/h are strongly 
dependent on h, suggesting the existence of nonlinear 
magnetic susceptibility. We determine the T dependence 
of nonlinear AC magnetic susceptibilities (xs, Xs; Xs: X5) 
from the least squares fits of the data to the power law 



3 



CUgjC OogClj-FeClj GBIC 
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FIG. 1: T dependence of (a) @'x/h and (b) Q'l/h at various 
h for Cuo.2Coo.8Cl2-FeCl3 GBIC. /i _L c. / = 1 Hz. // = 0. 

forms i24 

Q'Jh = x'l + 3x3/iV4 + lOxs/^Vie + • • • , (1) 

and 

Q'ilh = x'l + 3x^'/iV4 + WihVm + ■■■. (2) 

Note that for convenience we use the linear AC suscepti- 
bihty x' and x" instead of x'l and x'l- In Figs, da) and 
(b) we show the T dependence of the dispersion Q'l/h and 
the absorption 8"//i at / = 1 Hz. The different curves 
correspond to different ampUtudes of the AC field, where 
h is varied between 1 mOe and 4.2 Oe. The susceptibility 
Q'l/h and Q'l/h are independent of h for h < within 
experimental error, where ho « 0.1 Oe, implying that 
&'i/h and Qi/h coincide with the linear susceptibilities 
x' and x", respectively. Note that 6"//i shows a sharp 
peak at 4 K, which is almost independent of h. This 
sharp peak is associated with the transition between the 
FM and RSG phases: Trsg = 3.5 K. 
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FIG. 2: T dependence of (a) A{e[/h) and (b) A{Q'{/h) at 
various h. f ~ 1 Hz. H = 0. A(B'i//i) is defined by the 
difference between Q'l/h ai h {h > 30 mOe) and Q'l/h at ft = 
30 mOe. A{Q'(/h) is defined by tlie difference between Q'l/h 
at h{h> 30 mOe) and Gi'/ft at ft = 30 mOe. 



In Figs, da) and (b) we show the T dependence of 
A{Q[/h) and A{e'{/h) at various h, where A{e[/h) and 
A{Q'(/h) are defined as the differences between Q'l/h and 
Q'l/h &i h {h > 30 mOe) and those at h — mOe, 
respectively: A{Q'^/h) = 3x3/iV4 + IOX5/1VI6 + • ■ • and 
A{Ql/h) = 8x3/174 + lOxs'/i^/ie + • • •. The differences 
A{Q'^/h) and A(8"/ft.) are strongly dependent on h. The 
difference A{<d'l/h) has two local maxima at 16.2 K (15.8 
K) and 8.6 K (7.8 K), and a local minimum at 10.3 K 
(10.1 K) at /i = 1 Oe (/i = 4 Oe). In contrast, A{&^/h) 
has two local maxima at 15.8 K (15.6 K) and 8.3 K (7.8 
K), and two local minima at 9.9 K (9.5 K) and 16.6 K 
(16.5 K) at /i = 1 Oe (/i = 4 Oe). In summary, the 
positions of the local maxima and minima shift to low-T 
side as h increases. 

In Figs. 13 and we show the plot of A(6"//i) and 
A(e'i//i) as a function of h^ near Tc (= 9.7 K) and Tu 
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FIG. 3: (a) and (b) h'^ dependence of A(e'i7;i) at various T. 
f = 1 Hz. The inset of (a) shows the T dependence of the 
peak field h'p for A{e[/h) and h'^ for A{e'{/h). 



(= 16 K), respectively. Both A{e'{/h) and A{Q[/h) are 
strongly dependent on in these limited temperature 
regions. A linear increase of A{Q'i/h) and A(8i//i) with 
at low h indicates a positive sign of x's and Xa- We 
find a peak in A{e[/h) [A{e'l/h)] at a peak field h'^ 
[hp], which shifts to the low-ft, side with increasing T. 
The fields and h'^ are defined as d{Q[/h)/dh = and 
d{e'{/h)/dh = 0, respectively: h'p « -Sxg/lSxs) and 
hp w — 3x3/(5x5 )■ The existence of hp and hp indicates 
a negative sign of Xs and Xs • In the inset of Fig.|2Ia), we 
show the T dependence of hp and hp. The peak fields hp 
and hp, which decrease with increasing T, tend to reduce 
to zero around 9.8 and 10.4 K, respectively. 

The least squares fits of the data {Q'l/h vs h^ and Q'l/h 
vs h'^) at each T for 30 mOe < ft, < 0.7 Oe to Eqs.© and 
© yield the values of xi, Xs, Xs,' ' and xi', x's, Xs^' ' •■ 
Figure shows the T dependence of X3 , X5 ; X3 ; and x'i 
thus obtained. The nonlinear susceptibility X3 at / = 1 
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FIG. 4: (a) and (b) h'^ dependence of A{Q[/h) at various T. 
/ = 1 Hz. 



Hz shows a positive peak at 16.0 K, a negative local min- 
imum at 10.2 K, and two positive peaks at 8.8 and 8.3 K. 
The sign of X3 changes from negative to positive at 9.65 
K and from positive to negative at 4.0 K with decreasing 
T. No anomaly is observed below 4 K. In contrast, x's 
at f — 1 Hz exhibits a negative local minimum at 16.0 
K, a positive peak at 10.2 K, and two negative peaks at 
9.0 K and 8.3 K. The sign of x'5 changes from positive to 
negative at 4.0 K with decreasing T. We note that the 
T dependence of X3 around 10 K in our system is simi- 
lar to that in stage-2 C0CI2 GIC which magnetically be- 
have like a quasi 2D ferromagnet with an extremely weak 
antiferromagnetic interplanar exchange interactioni24 In 
stage-2 C0CI2 GIC, X3 exhibits a negative local minimum 
at 10.5 K, becomes positive below 10.2 K, and shows a 
positive peak below the upper critical temperature Ten- 
The nonlinear susceptibility X3 shows a positive peak 
at 16.2 K, a negative local minimum at 11.0 K, and a 
positive peak at 8.7 K. The sign of X3 changes from neg- 
ative to positive at 9.9 K and from positive to negative 
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FIG. 5: (a) T dependence of Xs and Xs, where the units of 
X2n+i are emu/(av mol Oe^"^^). f — 1 Hz. (b) T dependence 
of x'l, X3) and Xs, where the units of X2n+i are emu/(av mol 
Oe2"+i). 



at 5.7 K with decreasing T. In contrast, Xg shows a neg- 
ative local minimum at 16.4 K, a positive peak at 11.0 
K, and a negative peak at 9.0 K. The sign of X5 changes 
from negative to positive at 6.5 K with decreasing T. 

Here we discuss the T dependence of x's- Basically 
the singularity of x'3 could reflect the breaking of spatial 
magnetic symmetry. The sign of x's is negative for the 
PM phase and the SG phase and positive for the FM 
phase. Thus the critical temperatures Tc for the PM-FM 
transition and TijsG for the FM-RSG transition could be 
defined as temperatures at which the sign of x'3 changes. 
Using this definition, in fact wc find 9.65 K as Tc and 
4.0 K as TusG at / = 1 Hz for our system. Similar be- 
haviors have been reported in other reentrant ferromag- 
nets. Sato and Miyako^ have reported that the sign of 
Xs in (Pdo.9966Feo.oo34)o.95Mno.o5 changes from negative 
to positive at Tc. Sato et alii have shown that the sign 
of x's in Ni77^^FeiMn22 changes from positive to nega- 



tive at TiisG- X3 has a small negative local minimum 
near Trsg- 



B. Linear AC susceptibility : x' Siud x" 

Figures Ela) and (b) show the T dependence of the 
linear AC susceptibility x' and x" below 12 K at /i = 50 
mOe, where e[/h = x'l = x' and e'{/h = Xi = x" ■ The 
absorption x" at / = 0.01 Hz shows a relatively sharp 
peak at 3.69 K. This peak shifts to the high-T side with 
increasing /: 5.10Kat/ = l kHz. In contrast, the 
derivative dx"/dT at / = 0.01 Hz shows two negative 
local minima at 4.0 K corresponding to T^sG and 10.0 
K corresponding to Tc- The local minimum dx" /dT vs 
T at 4.0 K shifts to the high-T side with increasing /, 
while the local minimum at 10.0 K does not shift with 
increasing /. 

Figures EIc) and (d) show the T dependence of x' and 
x" around Th at h — 500 mOe, where Q'l/h « x' and 
Q'l/h « x" ■ The dispersion x' at / = 0.01 Hz shows 
peaks at 16.2 K and 8.35 K. The peak at 16.2 K slightly 
shift to the high-T side with increasing /: 16.4 K at / 
= 1 kHz. Another peak at 8.35 K does not shift with 
increasing /. The dispersion x' at / = 0.01 Hz has an 
inflection point at 3.5 K corresponding to the positive 
peak of dx' /dT , and another inflection point at 9.7 K 
corresponding to the negative local minimmn of dx'/dT. 
The inflection point at 3.5 K shift to the high-T side with 
increasing /. 

Here we assume that the singular behavior of x" 
around 4 K is due to the critical slowing down associated 
with the FM-RSG transition. Either the peak temper- 
atures of x" "^s T and Tx" vs T or the local-minimum 
temperature of dx" IdT vs T around 4 K coincide with 
a spin freezing temperature Tj, at a relaxation time r 
1/t^). The relaxation time r can be described 

r = r*(T;/T^5G-l)-^ (3) 

where x = vz^ z is the dynamic critical exponent, v is the 
critical exponent of the spin correlation length ^, and r* 
is the characteristic time. In Fig.[7|we show the T depen- 
dence of T thus obtained for dx"/dT, Tx" (figure of Tx" 
vs T is not shown), and x" ■ The least squares fits of the 
data of T vs T yield a; = 8.5 ± 1.8, Trsg = 3.45 ± 0.31 K, 
and T* — (4.77 ± 0.10) x 10~^ sec for the local minimum 
temperature of dx'VdT vs T, x = 12.3 ± 1.7, Trsg = 
2.90 ± 0.26 K, and r* = (1.49 ± 0.05) x 10"^ sec for the 
peak temperature of Tx" vs T, and x = 16.6 ± 1.8, Trsg 
= 2.27 ± 0.25 K, and r* = (4.67 ± 0.10) x lO^^ sec for 
the peak temperature of x" vs T. The value of x for x" 
vs T and Tx" vs T is unphysically large. In contrast, 
the value of x for dx"/dT vs T is on the same order as 
that {x = 7.9) rep orted by Jonason et ali^ for the FM- 
RSG transition of (Feo.2oNio.8o)75Pi6B6Al3. A relatively 
good agreement between the value of x for Cuo.2Coo.8Cl2- 
FeCla GBIC and the value predicted by Ogielski'^^ for the 
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Cu^ ^COogCI^-FeClg GBIC 




FIG. 6: (a), (b) T dependence of x (= x'l) and x" xi') at various /. /i = 50 mOe. H ^ Q. 2 < T < 12 K. (c), (d) T 
dependence of x' (~ x'l) and x" (~ x'l) at various /. ft = 500 mOe. // = 0. 14 < T < 20 K. 

3D ±J Ising SG (x = 7.9 ±1.0), suggests that the FM- 
RSG transition in our system is dynamicaUy similar to 
an ordinary PM-SG transition. Note that the vahie of r* 
for Ax" IdT vs T is much larger than a typical value of 
microscopic relaxation time tq (typically 10~^° - 10^^^ 
sec). Such a large value of r* has been also reported by 
Kleemann et aluS^ for Co8oFe2o/Al203 multilayers: r* — 
(6.7 ± 0.4) X 10"^ sec and x = 10.0 ± 3.6. The large 
T* suggests that the PM clusters play a significant role 
in the FM-RSG transition. In the random-field picture^^ 
the FM phase consists of the FM region with a longer 
relaxation time and the PM clusters with a shorter re- 
laxation time. On decreasing T toward Trsg, the ther- 
mal fluctuations of the spins in the PM clusters become 
slower. The molecular field of the slow PM spins act- 
ing as random magnetic field causes breakups of the FM 
network into finite-sized clusters. It is predicted that the 
following dynamic scaling equation is valid for the normal 
SG phase:^S Tx" = uj'^il{u!T), where ^{ujt) is a scaling 
function of lut and is assume to take a maximum at lut 
— constant. The value y (= P/x) is a critical exponent, 
where (3 is a critical exponent of the order parameter. 
The curve of Tx" vs T exhibits a peak, which shifts to 
the high-T side as / increases. The peak height of Tx" 
increases with increasing /. The least squares fit of the 
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FIG. 7: T dependence of the relaxation time r which is de- 
termined from the / dependence of peak temperature of x" 
vs T, Tx" vs T, and dx"/dT vs T. The solid lines denote the 
least-squares fit of the data to Eq.(|2J. 
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data for the peak height of Tx" vs / (for 0.01 < / < 
1000 Hz) to the form of (« ujy) yields y = 0.066 ± 0.001. 
Then the value of /? (= xy) is estimated as (3 = 0.57 ± 
0.10, where x = 8.5 ± 1.8. This value of /? is similar to 
that {(3 ^ 0.54) for Feo.sMno.sTiOa.^ In summary, the 
nature of the FM-RSG transition is similar to that of the 
normal PM-SG transition. The PM clusters for the FM- 
RSG transition play the same role as individual spins for 
the PM-SG transition. 

FigureslHta) and (b) show the / dependence of x'(.T, uj) 
and x"{T, (^) at various T in the vicinity of Trsg, respec- 
tively. The absorption x"(T, w) curves exhibit different 
characteristics depending on T. Above Tusg, x"{T,lo) 
shows a peak at a characteristic frequency, shifting to the 
low /-side as T decreases. Below Trsg, x"iT,i^) shows 
no peak for / > 0.01 Hz. It decreases with increasing 
/, following a power law form (« cj^" ). This is in con- 
trast to the / dependence of x" for conventional spin 
glass systems such as Feo.sMno.sTiOa: x" increases with 
increasing /.^^ The exponent a" is weakly dependent on 
T: a" = 0.083 ± 0.004 at 2.5 K and a" = 0.079 ± 0.002 



at 3 K. According to the fluctuation-dissipation theorem, 
the magnetic fluctuation spectrum P{lu) is related to 
x"iT,Lj) by F(r,w) = 2kBTx"iT,cj)/u;. Then P{T,u;) 
is proportional to w^^^" , which is similar to l/ui char- 
acter of typical spin glass. In contrast, x'{T,lo) decreases 
with increasing / above and below TusG- x' exhibits a 
power law form ). The exponent a' is weakly de- 

pendent on T: a' = 0.079 ± 0.001 at T = 2.5 K and a' = 
0.094 ± 0.001 at T = 3.0 K. The value of a' agrees well 
with that of a". Note that x" is related to x' through a 
so called "7r/2 rule": x" ~ — (7r/2)dx'/dlntj (Kramers- 
Kronig relation), leading to the relation a' — a" . 

Here we note the / dependence of x" above 5 K (which 
is not shown in Fig.|S{b)). The absorption x" increases 
with increasing / for 5 < T < 7.2 K. A newly small peak 
is added around / = 2 Hz for 7.3 < T < 9.2 K. The 
absorption x" decreases with increasing / for / < 70 Hz 
and increases with further increasing / for 9.3 < T < 
9.8 K. Above 9.9 K it decreases with increasing /. We 
find that x" for 6.1 < T < 7.3 K can be described by a 



power law form (? 



in the limited frequency range 



(0.01 < / < 10 Hz). The exponent /3" increases with 
increasing T : /3" = 0.04 ± 0.01 at 6.1 K, 0.081 ± 0.02 
at 6.7 K, and 0.12 ± 0.01 at 7.2 K. 



C. Xfc, Xzfc, and Sx (= Xfc - Xzfc) 

Figures shows the T dependence of xfc and xzfc 
at various H, where H is applied along the c plane which 
is perpendicular to the c axis. It is strongly dependent 
on H. The susceptibility xfc at H = 0.5 Oe decreases 
with increasing T. It has inflection points at T = 16.4, 
9.70, and 4.0 K where dxFc/<iT exhibits negative local 
minima. These temperatures correspond to the transi- 
tion temperatures Th, Tc, and Tusa- In contrast, xzfc 
aX H = 0.5 Oe exhibits two peaks at 16.2 and 8.2 K, and 
an inflection point at 3.2 K where dxz_Fc/dT shows a 
positive local maximum. The peaks of xzfc at 8.2 and 
16.2 K shifts to the low-T side with increasing H . The 
deviation of xzfc a.t H = 0.5 Oe from xfc starts to 
occur at temperatures above 18 K. The peak of Xzfc at 
Th is very sensitive to the application of H. It shifts to 
the low-T side with increasing H and disappears above 
50 Oe. 

Figure ^1 shows the T dependence of the difference 
^X (= Xfc — Xzfc) at various H. The difference 
Sx has three inflection points at Th, Tc, and TjisGi 
where d((5x)/dT exhibits negative local minima: 16.2 K 
(« Th), 9.60 K (« Te), and 3.40 K (« Trsg)- The 
T dependence of 5x shown in Fig. 110! is very different 
from standard one observed in many reentrant ferro- 
magnets, where 5x reduces to zero at Trsg- Typical 
examples of xzfc vs T and xfc vs T have been re- 
ported for CdCr2:,In2(i_^)S4fi^ AugsFcis^ NiyrMnza^ 
and (Feo.9oCro.o5Nio.o5)2P'^ Both inflection points of 5x 
at Tc{H) and Th{H) become less pronounced with in- 
creasing H. Only an inflection point at TusciH) sur- 
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FIG. 9; (a)-(c) T dependence of Xzfc and xfc at various 
H. H ±c. 



vives for H > 100 Oe. Note that the inflection point at 
Trsg{H) shifts to the low-T side with increasing H : 2.8 
K at iJ = 100 Oe. The H dependence of Trsg{H) will 
be discussed in Sec. IIII El 
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FIG. 10: T dependence of Sx {= Xfc ~ Xzfc) at various H. 
The value of Sx is derived from Fig. |^ 



D. and M^r in the IR and TR states 

We have measured the magnetization M* in the ZFC, 
FC, IR (isothermal remnant), and TR (thermoremnant) 
states in the case of = 5 and 15 Oe, as a function of T. 
This magnetization M* is slightly different from usual 
M, because of different methods of measurements. The 
measurements of M* were carried out as follows. First 
the sample was quenched from 298 to 1.9 K at = 0. 
Then 5 or 15 Oe) was applied. The measurements 

of M^pu and M/^ were done with increasing T from 1.9 
to 20 K. At each T, M^p^ was measured at the same H 
and then Mjj^ was measured 100 sec later after the field 
was changed from H to Oe. Second, the sample was 
annealed at 100 K for 1200 sec at H. The measurements 
of MpQ and were done with decreasing T from 

20 to 1.9 K. At each T, Mp^ was measured at H and 
then M^j^ was measured 100 sec later after the field was 
changed from iJ to Oe. 

Figure [TTl shows the T dependence of Mzfc 
Mpc, and M^jj, SM* (= Mp^ ~ M^p^), AM* (= 
^TR ~ ^ir) <^ase of if = 5 and 15 Oe. Note that 

the T dependence of Mp^ is not exactly the same as that 
of xfCi because of the difference in the method of field 
cooling. While xfc shown in Fig.l^fa) increases with de- 
creasing r, Mp^ shows a peak at 7.5 K between Tc and 
Trsg and an inflection point at Trsg where dM^^/dT 
exhibits a positive local maximum. This result is in- 
dicative of a non-uniformity in the FM phase: frustrated 
spins coexists with ferromagnetically aligned spins. 

The T dependence of is exactly the same as that 
of 5M* . The magnetization (measured at ii = 0) 

in the case of ii = 5 Oe shows a broad peak around 10.6 
K just above Tc, and reduces to zero at Th- In contrast. 
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FIG. 11: r dependence of M|^c. Mpc, Mjjf, M^r, 5M' (= Mpc - M^fc) and AM* Mtr - Mjj^). H ± c. (a), (b) H 
— 5 Oe and (c), (d) H = 15 Oe. The definition of M* for each state is given in the text. 



Mjj^ is much smaller than M^^. The difference SM* is 
different from AM* between Trsg and Tc- In fact, the 
difference {5M* ~ AM*) is larger than zero only between 
Trsg and Tc and near T^. 

As far as we know, there has been only one report 
on Mtr (measured by a conventional method) in a 
reentrant ferromagnet (Feo.9oCro.o5Nio.o5)2P-'^^ Mtr was 
measured as T increases after cooling down the system to 
the lowest T in the presence of H (FC cooling) , annealing 
at T at a waiting time t^, and then reducing H to zero. 
The magnetization Mtr shows a local minimum at Trsg 
and a broad peak between Trsg and Tc- It reduces to 
zero at Tc with increasing T. 



the peaks of x' and x" around T/j disappears for > 7 
Oe. The peak of x" around Trsg shifts to the low T-side 
with increasing H for < H < 1 kOe. The peak of x" 
around T^ also shifts to the low T-side with increasing 
for < iJ < 7 Oe. In Figs.US^a) and (b) we show the 
H-T diagrams around Trsg and T^,, respectively. Here 
the temperature (denoted as Tf{H)) of negative local 
minimum of dx"/dT vs T at 0.1 Hz (data are not shown) 
is plotted as a function of H. For comparison, we also 
show the H dependence of the negative local minimum 
temperatures of dSx/dT vs T and the peak temperatures 
of x" vs T at / = 0.1 and 100 Hz. These lines are away 
from the line Tf{H). The least squares fit of the data of 
the hne Tf{H) for < iJ < 600 Oe to 



E. H-T phase diagram 

We have measured the T dependence of x' and x" at 
various iJ for / = 100 Hz and 0.1 Hz, where H {0 < H < 
2 kOe) is applied along the c plane perpendicular to the 
c-axis. Figures IT^ shows the T dependence of x' and x" 
at various iJ for / = 100 Hz. The AC field h (= 50 mOe) 
was used for 1.9 < T < 12 K and a larger h (= 500 mOe) 
was used for 14 < T < 19 K. The peak of x' and the 
shoulder of x" around Tc disappears for iJ > 50 Oe, and 



H^H*[l-Tf{H)/T;]P, (4) 

yields parameters p = 1.55 ± 0.13, T* = 4.26 ± 0.11 K, 
and H* = (2.6 ± 0.3) kOe. Note that the value of T* 
(= 4.26 K) is larger than that of Trsg (= 3.45 ± 0.31 
K). The value of exponent p is close to that (p — 1.50) 
for the de Almeida-Thouless (AT) hnei^ In the mean 
field picture, the AT line separates the replica-symmetry 
(FM) phase from the replica-symmetry-breaking (RSB) 
phase in the {H,T) line. 
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FIG. 12: T dependence of (a) x' sjcid (b) x" various H. H is applied along the c plane perpendicular to the graphene plane 
{H Lc). f = 100 Hz. h = 50 mOe. h ± c. 1.9 < T < 12 K. T dependence of (c) x' and (d) x" at various H. H ±c. f = 100 
Hz. /i = 500 mOe. h ± c. 14 < T < 19 K. 



F. Aging: MzFc{t,T), x"{t,^), and x'(i,w) 



In order to reveal a possible aging phenomenon in the 
RSG phase and FM phase, we have studied time (t) de- 
pendence of the zero-field cooled magnetization Mzfc- 
First the system was cooled from 100 K to T in the ab- 
sence of H, where the remnant magnetic field is less than 
3 mOe. The system was kept at T for a wait time 

2.0 X 10^ sec). A DC magnetic field {H = 10 Oe) 
was applied at t = 0. The magnetization {Mzfc) was 
measured as a function of t elapsed after the field appli- 
cation. Figure ITU shows the t dependence of MzFcit) at 
T = 3 and 7 K. The corresponding relaxation rate S{t) [ 
= {l/H)dMzFc{t)/dlnt] is shown in Fig.^as a func- 
tion of t for each T. The relaxation rate S{t) at T = 3 K 
has a peak around = 4 x 10'^ sec which is larger than 
t^,. Note that the inflection point of Mzfc corresponds 
to the peak of S{t). At T = 4 K, S{t) shows a very flat 
plateau between 3.2 x 10'^ and 10"* sec, in addition to a 
small peak at = 1.1 x 10"* sec. Such an aging behavior 
does not end at Tusg, but sustains into the FM phase. 
The relaxation rate S{t) has a peak at a time shorter 
than for 5 < T < 7 K: tp = 1.6 x 10^ sec at T = 5 
K, 1 X 10^ sec at 6 K, and 1.3 x 10^ sec at 7 K. The 



TABLE I: Least squares fitting parameters of Mzfc it) to 
the power law form given by Eq.JSJ. _ff = 10 Oe. = 2.0 
X 10"^ sec. The values of Mpc and Mzfc are obtained from 
Fig.EIb) at = 10 Oe. M[, M!^, Mfc and Mzfc are in the 
units of emu/av mol. 



T{K) 


a 


M[ 




Mpc 


Mzfc 


5 


0.015 ± 0.001 


461.6 


290.3 


414.4 


187.1 


6 


0.035 ± 0.001 


296.0 


99.0 


399.8 


214.6 


7 


0.030 ± 0.001 


292.8 


82.4 


374.1 


231.1 


8 


0.059 ± 0.001 


232.4 


26.6 


327.3 


229.4 


9 


0.145 ± 0.005 


140.6 


6.0 


221.5 


155.6 



peak time ip is equal to is 2.1 x 10'^ sec at 8 K and 1.8 
X 10'^ sec at 9 K, which are close to t^. Similar behavior 
is observed in the FM phase of (Feo.2oNio.8o)75Pi6B6Al3 
by Jonason et ali^: S{t) has a peak around {— 100 - 
10^ sec). 

The relaxation rate S{t) clearly shows a crossover be- 
tween two asymptotic relaxation regimes: the peak time 
tp in the RSG phase is much longer than that in the 
FM phase under the same value of t^. The FM phase 
of our system is chaotic in a similar way as the RSG 
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FIG. 13: (a) H-T phase diagram near Trsg'- for each H 
the local-minimum temperatures of dx" /AT vs T at f — 0.1 
Hz (•) and at 100 Hz (■), and dSx/dT vs T (A), and the 
peak temperatures of x" vs T at 0.1 Hz (a) and 100 Hz (O). 
The solid line denotes the least squares fitting curve (see the 
text for detail), (b) H-T phase diagram near Th: for each H 
the local- minimum temperature of dSx/dT vs T (O), and the 
peak temperatures of xzfc vs T (•) and x" vs T at 100 Hz 
(A). 



phase. This is in contrast to the nonfrustrated nature 
of regular FM phase. The relaxation mechanism in the 
FM phase is different from that in the RSG phase in our 
system. The relaxation of MzFc{t) at T = 3 and 4 K is 
described by the superposition of a stretched exponential 
and a constant 



MzFcit) = Ml - Ah exp[-(t/rM)' 



(5) 



where tm is a relaxation time, Mi and M2 are constants, 
the exponent n = corresponds to the Debye, single 
time-constant exponential relaxation and n = 1 corre- 
sponds to i-independent Mzfc- The least squares fit of 
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FIG. 14: t dependence of Mzfc at T = 3 and 7 K. t„, = 
2.0 X 10^ sec. = 10 Oe. H ± c. See the detail of the 
measurement and the definition of f = in the text. 



the data to Eq.© yields n = 0.761 ± 0.002, tm = (6.20 
± 0.05) X 10^ sec, Ml = 108.72 ± 0.17 (emu/av mol), 
M2 = 76.93 ± 0.53 (emu/av mol) for T = 3 K, and n 
= 0.819 ± 0.001, Tm = (6.49 ± 0.04) x 10^ sec. Mi = 
171.53 ± 0.11 (emu/av mol), A/2 = 70.28 ± 0.33 (emu/av 
mol) for T = 4 K. In contrast, the relaxation of MzFc{t) 
for 5 < T < 9 K can be well described by a simple power 
law form and a constant 



M 



ZFC 



(t) = M'l 



M^r 



(6) 



where a is the exponent, and M[ and M2 are constant 
magnetizations. The magnetization M[ is the saturation 
value which Mzfc reaches in the limit of t — > 00. The 
least squares fit of the data to Eq. © yields the parame- 
ters listed in Table The exponent a is roughly on the 
same order as that reported by Li et ali^ for a reentrant 
ferromagnet (Feo.65Nio.35)o.882Mno.ii8 (a = 0.088 - 0.060 
for Tc < T < Tusg)- However, the value of a in our sys- 
tem tends to increase with increasing T between T^sG 
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FIG. 15: t dependence of [= {l/H)dMzFc/dlnt] at var- 
ious T. tn, = 2.0 X 10^ sec. 



TABLE II: Exponents b" and b' determined from the least 
squares fits of 'x'{t,uj) and x'{t,uj) at / to the power law 
form by given by Eq.(|7J for and the corresponding 

equation for T — 7 and 8.5 K. 



T{K) 


f{Hz) 


6" 


b' 


7 


0.05 


0.074 ± 0.016 




7 


0.1 


0.045 ± 0.013 


0.012 ± 0.005 


7 


0.5 


0.042 ± 0.008 


0.045 ± 0.005 


7 


1 


0.029 ± 0.006 


0.046 ± 0.006 


7 


5 


0.015 ± 0.025 


0.070 ± 0.016 


8.5 


0.05 


0.147 ± 0.067 




8.5 


0.5 


0.065 ± 0.028 




8.5 


1 


0.046 ± 0.022 


0.038 ± 0.011 



and Tc, while the value of a in (Feo.65Nio.35)o.882Mno.ii8 
decreases with increasing T. We note that the T de- 
pendence of a in our system near is similar to that 
in Feo.sMno.sTiOs near Tscr^ in spite of the fact that 
Feo.sMng.sTiOa is a pure spin glass and undergoes a tran- 
sition between the SG phase and the PM phase at Tsg- 
The values of Mpc and Mzfc measured at = 10 Oe 
(see Fig. Elb)) are also listed in Table U The value of 
M[ is on the same order as that of M pc and much larger 
than that of Mzfc, where Mpc is close to thermody- 
namic equilibrium value. The prefactor decreases 
with increasing T and tends to reduce to zero around Tc- 
We have measured the t dependence of x" at T = 7 and 
8.5 K, where H = 0. The system was quenched from 100 
K to T at time (age) zero. Both x' and x" were measured 
simultaneously as a function of time t at constant T. 
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FIG. 16: t dependence of (a) and (b) x" , sjad (c) and (d) x' 
at T = 7 K for / — 0.05 and 1 Hz, where t is the time taken 
after the sample was quenched from 100 K to T = 7 K. H = 
0. The solid lines denote the least squares fitting curves (see 
the text for detail). 



Each point consists in the successive measurements at 
various frequencies (0.05 < / < 1 Hz). Figure [TBI shows 
the t dependence of x" and x' at T = 7 K for / — 0.05 
and 1 Hz, respectively. The absorption x" decreases with 
increasing t and is well described by a power-law decay 

x"{t,u;) = Xoi^) + A'^i^)t-'", (7) 

where 6" is an exponent, and Xoi^) and Aq{(-u) are t- 
independent constants. In the limit of t oo, x"(ti^) 
tends to Xq(w). The least squares fit of the data of 
x"it,uj) at T = 7 K to Eq.Q yields parameters listed 
in Table ITU The exponent 5", which is dependent on /, 
is smaller than that of the FM phase of reentrant ferro- 
magnet CdCr1.8lno.2S4 {b" « 0.2)i^ and the SG phase of 
pure spin glass Fco.sMno.sTiOg (6" « 0.14 ± O.OS).^^ The 
value of Xo tends to decrease with increasing /. In con- 
trast, the value of A" tends to increase with increasing /. 
It follows that the second term of Eq.Q cannot be de- 
scribed by a power form (ujt)~'' , suggesting no a;t-scaling 
law in the form of x" ~ ('^^) • This is in contrast to 
the wi-scaling of x" in the FM phase of reentrant ferro- 
magnet CdCri.8lno.2S4.^^ The t dependence of x' can be 
also described by the power law form (w ) which is 
similar to Eq.©. The value of 6' at T = 7 and 8.5 K 
which is listed in Table ITTI is on the same order as that 
of b" . Note that similar aging behavior is also observed 
both in x" and x' below Trsg- The change of x" and x' 
with t below Trsg is not so prominent compared to that 
above Trsg 1 partly because of relatively small magnitude 
of x" and x' below TusG- 
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IV. DISCUSSION 

The RSG phase below T^sg is not a mixed phase but 
a normal SG phase. The static and dynamic behaviors of 
the RSG phase are characterized by that of the normal 
SG phase: a critical exponent (3 — 0.57 ± 0.10, a dynamic 
critical exponent x = 8.5 ± 1.8, and an exponent p (= 
1.55 ± 0.13) for the AT linei^ The aging phenomena are 
observed. The relaxation of MzFc{t) obeys a stretched 
exponential law, which is usually used in analysis of the 
dynamics of the normal SG phase. No appreciable non- 
linear magnetic susceptibility is observed below TfisG- 
These results suggest that the long-range ferromagnetic 
correlation completely disappears in the RSG phase. 

In contrast, the FM phase of our system is very differ- 
ent from that of regular FM phase. The chaotic behavior 
observed in the FM phase is rather similar to that in the 
RSG phase. The prominent nonlinear susceptibility of 
the FM phase arises mainly from the unfrustrated ferro- 
magnetically ordered spins (the FM network) . The aging 
phenomena are also observed in the FM phase. A dy- 
namic crossover of the relaxation oiMzFc{t) is observed 
around Tusa- Above Tj^sG the relaxation of Mzpcit) 
obeys a weak power law. These results can be well ex- 
plained in terms of the phenomenological random-field 
picture proposed by Aeppli et ali^ (see Sec. Ifl. The FM 
phase consists of the FM network (with slow dynamics) 
surrounded by frustrated spins (the PM clusters with fast 
dynamics) . Such a nonuniformity gives rise to the chaotic 
nature of the FM phase. On approaching Trsg from the 
high-T side, the thermal fluctuations of the spins in the 
PM clusters become so slow that the slow dynamics of 
the FM network is significantly influenced by the dynam- 
ics of the PM clusters. The coupling between the FM 
network and the PM clusters becomes important. The 
molecular fields from the slow PM spins act a random 
magnetic field. This causes breakups of the FM network 
in to finite-sized clusters. Below Trsg, the system be- 
comes into the RSG phase. 

Next we discuss the nature of the aging phenomena 
in the FM phase. The features of the aging phenomena 
are summarized as follows, (i) MzFc{t) has a power law 
form {MzFC ~ -*"") for 5 < T < 9 K. The value of 
a is listed in Table HI (ii) Both }("{t^oj) and x'{t^ijj) at 
T — 7 and 8.5 K have power law forms (x" ~ and 
X' « t-''') at fixed / (=w/27i-). The values of b' and b" 
are listed in Table IIH (iii) x"(w) for 6.1 < T < 7.3 K 
has a power law form (x" w uj^ ), where /3" — 0.04 ± 
0.01 at 6.1 K and 0.12 ± 0.01 at 7.2 K. The increase 
of x"i'^) with increasing w is similar to that reported in 
conventional SG's such as Feo.sMno.sTiOsj^S, 

As is listed in Table the exponent a{T) increases 
exponentially with increasing T and is described by 
a{T) = 0.23exp[-(l - T/Tc)/0.148] with = 9.7 K. 
Similar result on a{T) has been reported by Ito et ali^ for 
the SG phase of Feo.sMno.sTiOa: a(T) = I.6exp{-[1 - 
T/Tsg{H)]/0.17} with Tsg{H) = 17.6 K at iJ = 3.2 



kOe. From Monte-Carlo simulations on the 3D ± J Ising 
spin glass model, Ogielski^i has discussed the t depen- 
dence of the order parameter q(t) below the spin freezing 
temperature Tsg- The order parameter q(t) is described 
by a power law form [q{t) « t~°-^'^'>], where a(T) is well 
fitted by a{T) w 0.07exp[-(l-r/r5G)/0.28]i^a = 0.07 
at T = Tsg- The similarity between our result and the 
computer simulation is remarkable. This implies that the 
growth of MzFG in the FM phase (but not in the RSG 
phase) is essentially the same as that in the SG phase of 
spin glass systems. 

What is the relation between the exponent a for 
MzFc(t) and the exponent (&', 6", (3") for x' and x"? 
According to Lundgren et aL^S*^ MzFc{t) is related to 
the linear AC susceptibility x"{^) and x'{^) through the 
following relations 

(l/i/)dA/zFc/dlnt = 2x"(^)A, (i = lM, (8) 
and 

l-q{t)^{\IH)MzFc{t)^x'{^), {t^l/uj). (9) 

When MzFG{t) is described by a power law form given by 
Eq.®, x"(^) and x'(^) can be estimated as x"{^) ~ 
(or t^") and x'('^) ~ (or respectively, leading 

to a prediction that the exponents (3", b' , and b" are 
essentially the same as the exponent a. Experimentally 
we find a = 0.059 ± 0.001 (T = 8 K), b" = 0.074 ± 0.016 
(T = 7 K and / = 0.05 Hz), and b' = 0.046 ± 0.006 
(T = 7 K, / = 1 Hz), and /3" = 0.081 ± 0.02 (T = 6.7 
K). There are relatively large differences among f3", b', 
6", and a, depending on the conditions. Nevertheless, we 
can say that these exponents are roughly the same and 
are on the order of 0.05 - 0.08 around 7 K. The value of 
these exponents is nearly equal to that of the exponent 
y (=0.066 ± 0.001) derived from the scaling analysis in 
Sec, nil B1 Note that our result of a is in good agreement 
with a = 0.060 - 0.088 for the FM phase of the reentrant 
ferromagnet (Fcq . 65 Nio . 35 ) o . 882 Muq . i is • 

Finally we estimate the value of y. The exponent y 
is given hy y = p/x, where x = vz. When we use the 
scaling relation, [3 = 2i/0, which is derived in our previous 
paper^ y is given by ?/ = 20/ z, where 9 is the energy 
exponent and z is the dynamic critical exponent. The 
values of 9 and z are theoretically predicted: z = 6.0 ± 
0.5 for the 3D ± J Ising spin glass model (Ogielski^^) and 
6* = 0.19 ± 0.01 (Bray and Moore"*"). Using these values, 
y is estimated as y = 0.063 ± 0.017, which is in good 
agreement with our result (y — 0.066 ± 0.001). 

V. CONCLUSION 

The nonlinear susceptibility and aging phenomena are 
observed in the FM phase of the reentrant ferromagnet 
Cuo.2Coo.8Cl2-FeCl3 GBIC. These results indicate that 
the FM phase between Trsg and Tc has a chaotic na- 
ture. The absorption x"(^: ^) is described by a power law 
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form but not by a cut-scaling form {u!t)~^ . A dy- 
namic crossover behavior is observed around Tjisq. The 
time dependence of Mzfc has a stretched-exponential 
form for the RSG phase, and a power-law form for the 
FM phase. Further studies on aging behaviors including 
memory effect, rejuvenation, and wait time dependence, 
are required to understand the nature of the FM phase, 
with the same qualitative features as in conventional spin 
glasses. 
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